Sedimentological and hydrochemical parameters of the River Piedra (northeast Spain) were monitored every six months (from 1999 to 2012) at 24 sites, at which tablets were installed all along the river. The river water is of HCO 3 -SO 4 -Ca type and is notably influenced by inputs from upstream karstic springs. Tufa deposition was first detected 8 km downstream of these springs and greatly increased from there, primarily along the steeper stretch (i.e. within the Monasterio de Piedra Natural Park); then, deposition decreased through the most downstream stretch, with smaller ground water inputs. The spatial evolution of the tufa thickness, with parallel variations of PWP (Plummer, Wigley, Parkhurst) rates, was thus determined by the river water pCO 2 which was controlled by ground water inputs and by the river bed slope. Five fluvial subenvironments and seven sedimentary facies were characterized. The water flow conditions are the primary factor responsible for the distinct deposition rates of facies, mainly through CO 2 -outgassing. Stromatolites and moss-tufa and alga-tufa had the highest rates, whereas loose tufa formed in slow-flowing water and tufa of spray areas had thinner deposition. A six-month pattern in the deposition rate was detected through thickness measurements. That pattern was parallel to the seasonal PWP rates. The increased deposition during warm periods (spring and summer; mean: 5Á08 mm) compared with cool periods (autumn and winter; mean: 2Á77 mm) is linked chiefly to temperature, which controlled the seasonal changes in the physico-chemical and biological processes; this finding is supported by a principal components analysis. Seasonal variations of insolation and day duration also contributed to such a deposition pattern. Large discharge events, which provoked erosion of tufa deposits and dilution of water, caused the reversal of the seasonal deposition rate pattern. Stromatolites are likely to preserve the most complete sedimentary record. Although tufas are a potentially sensitive record of climate-related parameters, erosion is an intrinsic process that may overwhelm the effects of such parameters. This issue should be considered in palaeoclimatic studies based on the tufa record, particularly in semi-arid conditions.
INTRODUCTION
The study of present-day tufa sedimentation in the fluvial environment has become a matter of great interest because of the ability of tufas to record environmental (for example, climatic and hydrological) changes at different time scales. The high-deposition rates of fluvial tufas (i.e. as much as 16 to 17Á5 mm yr À1 ; Pentecost, 1978; makes possible the short-term monitoring of physical, chemical and biological parameters, which allows the factors that control the tufa sedimentation to be analyzed. Most studies of present fluvial tufas deal with stable-isotope geochemistry Kawai et al., 2009; Os acar et al., 2013) , sedimentology (Drysdale & Gillieson, 1997; Gradzi nski, 2010; Pedley & Rogerson, 2010; Manzo et al., 2012) and hydrochemistry (Lorah & Herman, 1988; Liu et al., 1995; Kano et al., 2003; Kawai et al., 2006; Auqu e et al., 2013) . Biological investigations, although much fewer in number, are also significant for understanding the role of organisms (for example, plants and prokaryotes) in tufa formation (Shiraishi et al., 2008; Pedley et al., 2009; Santos et al., 2010; Beraldi-Campesi et al., 2012) , primarily through photosynthesis and extracellular polymeric substance (EPS) mediation (Arp et al., 2010; Pedley & Rogerson, 2010; Shiraishi et al., 2010) . Some geochemical studies of recent and ancient tufas have demonstrated that tufas are excellent archives of seasonal and interannual environmental conditions and, hence, tufas are considered to be high-resolution records (Lojen et al., 2004; Andrews, 2006; Brasier et al., 2010; Os acar et al., 2013) . The textural and thickness variations of laminated tufas have also been used as indicators of short-term changes in environmental conditions Brasier et al., 2010) . Most studies on existing systems are based on as much as two years of sedimentation and hydrochemical monitoring. In general, the aim of these studies was to explain the significance of variations in sedimentological, hydrochemical and geochemical parameters, mainly in terms of climate and hydrological interpretation.
This study includes sedimentological and hydrochemical analyses of a large number of monitored sites along the River Piedra (northeast Spain; a total of 24) that cover five main depositional sedimentary settings and were monitored every six months during a span of 13 years (from 1999 to 2012) . Based on the data from such a long time series and on the large number of monitored sites along the river, the purpose of this study was to provide reliable patterns of variation in some sedimentological (i.e. type of sedimentary facies and their deposition rates) and hydrochemical characteristics of the fluvial tufa system through space and time, as well as to establish their relations to intrinsic (i.e. depositional environmental parameters, fluvial bed topography) and extrinsic factors (i.e. climate and hydrology parameters).
The results of this study not only confirm conclusions of a preliminary study performed in a shorter stretch of this river from 1999 to 2005 but also make possible the discussion of sedimentological and hydrochemical variations over larger time and spatial scales, thus providing new and robust patterns. The results are therefore considered highly representative and can be of great significance to the sedimentological and climatic interpretation of ancient tufa systems, in particular within semi-arid conditions.
LOCATION AND GENERAL BACKGROUND: GEOGRAPHY, GEOLOGY, CLIMATE AND HYDROLOGY
The valley of the River Piedra is located in the central part of the Iberian Range, a north-west/ south-east trending Alpine intraplate fold belt. The River Piedra is a 41 km long, south to north flowing tributary of the River Jal on which, in turn, flows into the River Ebro (Fig. 1A) . Its drainage area occupies some 1545 km 2 , and its altitude ranges from 600 to 1010 m. The studied part of the river comprises the stretch from springs S1 and S2 in Cimballa to the La Tranquera reservoir (ca 16Á5 km long; Fig. 1B) . Upstream of Cimballa, the River Piedra remains dry for most of the year. Along the studied stretch, the river flows through Jurassic limestones, Lower Cretaceous siliciclastic sands and sandstones, and a thick Upper Cretaceous sequence of limestones and dolostones. All of these units are slightly deformed by north-west/ south-east trending folds and faults. Tertiary detrital deposits overlie the sequence ( Fig. 1B ; Gabald on et al., 1991) . The river also flows across thick Quaternary tufaceous deposits distributed along the lower half of the studied stretch, and these deposits are thicker around the Monasterio de Piedra Natural Park (Arenas et al., 2004; V azquez-Urbez et al., 2011 V azquez-Urbez et al., , 2012 .
The climate of the area is continental Mediterranean with strong seasonal contrasts (cold semiarid climate). The annual mean temperature is 13Á1°C, and the annual mean rainfall is 397Á4 mm [averaged from the La Tranquera and Milmarcos meteorological stations, approximately 700 m and 1050 m above sea-level (m a.s.l.), respectively], for October 1999 to September 2012. The precipitation is irregularly distributed, with maxima in April/May and October (Fig. 2) .
The River Piedra is fed mainly by water from an aquifer in the Lower Jurassic and Upper Cretaceous limestones and dolostones that are approximately 500 m thick (Servicio Geol ogico de Obras P ublicas, 1990) . The most important natural springs are near Cimballa ( Fig. 1 ; for example, S1 and S2, with a mean discharge of 1Á4 m 3 s À1 ; data from Confederaci on Hidrogr afica del Ebro, https://195Á55Á247Á237/saihebro). Additional inputs originate from the springs that feed the Espejo Lake (hereafter referred to as S3, with a mean discharge of approximately 0Á81E-03 m 3 s À1 ) at the lower part of the Natural Park; the lake water enters the river downstream of the main knickpoints (Fig. 1C) . The mean annual discharge of the River Piedra was approximately 1Á06 m 3 s À1 for October 1999 to September 2012 (gauging point at site P-23; Fig. 1B ). The monthly discharge followed an approximate cyclical pattern with a low amplitude due to the strong influence of the ground water supply (Fig. 3A) . The maximum values were measured during winter and the minimum values were measured during summer. However, this trend was disturbed by flood events related to heavy rains; these usually occurred in May (for example, an instantaneous discharge of 30 m 3 s À1 in May 2004) but also occasionally during the autumn (for example, an instantaneous discharge of 25 m 3 s À1 in November 2008; Fig. 3B ).
The Quaternary incision of the River Piedra created a fluvial valley with strong topographical discontinuities controlled by tectonics and changes in the bedrock lithology that favoured tufa deposition from the Pleistocene to present. The resulting stepped valley hosts Quaternary tufa deposits distributed along the lower half of the studied area ( Fig. 4 ; Sancho et al., 2010; V azquez-Urbez et al., 2011 V azquez-Urbez et al., , 2012 .
The longitudinal profile of the River Piedra at present (Fig. 4) shows a 224 m change in altitude from the springs at Cimballa (916 m) to the entrance at the La Tranquera reservoir (692 m). The main knickpoints are located at Lugar Nuevo and within the Natural Park. Some large A B C Fig. 1 . Location of the River Piedra (A) and its geological context (B). (B) Location of sites monitored along the river (P-1 to P-24) and of springs (S). The gauging point is at site P-23. (C) Detailed location of the studied sites within the Monasterio de Piedra Natural Park. S1, S2 and S3a are the springs monitored in this study. S3 refers to all ground water inputs from the lake to the river. waterfalls are observed in these areas; La Requijada, at Lugar Nuevo, is a waterfall ca 12 m high and, within the park, the Caprichosa and Cola de Caballo waterfalls are ca 15 m and 35 m high, respectively. Upstream and downstream of those knickpoints, the river slope is much more gradual (Fig. 4) .
Within the Natural Park, a complex water-flow arrangement can be observed, and it consists of a multichannel system formed by stepped water- falls, vertical waterfalls, pools and caves, partially influenced by human action. Within this arrangement, present-day tufas are being deposited at varied, but generally high, rates .
METHODS
From November 1999 to September 2012, sedimentological and hydrological characteristics were monitored once every six months at 24 sites from the headwaters of the River Piedra in Cimballa to the La Tranquera Reservoir, representing different subenvironments of the river (except vertical waterfalls). These fluvial subenvironments were mostly defined by physical flow characteristics, the morphological features of the river bed and sediment components (see below, Sedimentological characteristics of the River Piedra). Springs S1, S2 and S3a were also sampled for a study on their hydrochemistry (Fig. 1) .
Monitoring of deposition rates and sediment characteristics
At the selected sites, a total of 24 limestone tablets (25 9 16 9 2 cm) were installed parallel to the floor, although the number of tablets varied through time (see Table 2 ). These tablets were removed at the end of March and September for a six-month measurement of sediment thickness. After the measurement, they were returned to their original position until the following semester. The differences in sediment thickness between consecutive measurements represent the six-month accumulation rates for each site. The measurement device used is similar to the microerosion meter (MEM) designed by Drysdale & Gillieson (1997) . The details of the procedure were described by V azquez- . In the present study, spring and summer is considered the warm period, and autumn and winter is considered the cool period, hereafter referred to as 'warm' and 'cool', respectively.
During the 13 year monitoring, each group of tablets was replaced with new ones after three to four years as a result of thick accumulation and the inability of the MEM to make additional measurements in some of them. Once removed, the tablets were cut perpendicular to the accumulation surface, and the six-month intervals were identified on the cross-sections by plotting the successive measurements taken through the MEM on the corresponding raw cuts. Then, thin sections of the tablets were made for the textural analysis in the optical microscope. Samples were also collected for an analysis by scanning electron microscopy using a JEOL JSM 6400 (JEOL Limited, Tokyo, Japan) and a Carl Zeiss MERLIN TM (Carl Zeiss Group, Jena, Germany). Thin sections and SEM analysis were performed at the Servicio de Apoyo a la Investigaci on (SAI) facilities of the University of Zaragoza. Once ground and sieved (sieve mesh opening: 53 lm), the sediment mineralogy of some tablets was determined by X-ray diffraction using a Phillips PW 1729 diffractometer (Phillips Analytical, Almelo, Netherlands) of the Cristallography and Mineralogy Division of the University of Zaragoza. The samples invariably consisted of low-Mg calcite with minor amounts of detrital phyllosilicates, quartz and occasional dolomite.
Flow dynamics, water sampling, water analyses and geochemical calculations
The flow dynamics were characterized from water flow velocity (through a surface velocity meter) and depth measurements taken at the end of the four seasons. The water discharge data were obtained from the Nu evalos gauging point, controlled by the Confederaci on Hidrogr afica del Ebro. The water samples for the chemical analysis were taken along the River Piedra from the sites indicated in Figs 1 and 4. The sampling was performed biannually (in the middle of the warm and cool periods; i.e. at the end of December or beginning of January and at the end of June, from 1999 to 2012). In addition, continuous recording of water temperature was conducted from July 2007 onwards by means of two temperature recorders (HOBO Pro V2; Onset, Cape Cod, Massachussets, USA) installed at sites P-8 and P-22.
The conductivity, temperature and pH were measured on-site using a portable conductivity meter (Jenway 4200; Bibby Scientific Limited, Stone, UK) and a portable pH meter (Orion 250A; Argus-Hazco, Chesterfield, Michigan, USA). At the same time, water samples were collected at those sites for chemical determinations (i.e. alkalinity, Cl, SO 4 , Ca, Mg, Na and K). The water analyses were performed at the Petrology and Geochemistry Laboratory of the University of Zaragoza. The sampling and analytical methodologies are described in V azquez- and Auqu e et al. (2013) . In the present study, the percentage of charge imbalance for the analytical data was always <10% (as calculated with the PHREEQC code; see below) and, for 92% of samples, was <5% (out of a total of 315 samples).
The speciation-solubility calculations to obtain calcite saturation index (SIc), total dissolved inorganic carbon (TDIC) and partial pressure of CO 2 values of water samples were performed with the PHREEQC code (Parkhurst & Appelo, 1999) and the WATEQ4F thermodynamic database (Ball & Nordstrom, 2001 ) supplied with it.
The inorganic precipitation rate for calcite (in mmol cm À2 s À1 ) was calculated using the rate law of Plummer et al. (1978) , frequently known as the PWP (Plummer, Wigley, Parkhurst) rate equation:
where H 2 CO 3 * = H 2 CO 3 + CO 2(aq) and j 1 , j 2 , j 3 and j 4 are the empirically determined rate constants. The temperature functions proposed by Plummer et al. (1978) and Kaufmann & Dreybrodt (2007) for the rate constants are used. Activity values for the involved (dissolved) species (aH + , aH 2 CO 3 *, aCa 2+ , aH 2 O and aHCO 3 À ) are also calculated with the PHREEQC code (Parkhurst & Appelo, 1999) . Equation 1 has been used frequently in tufa-depositing streams (Lorah & Herman, 1988; Dreybrodt et al., 1992; Liu et al., 1995; Kano et al., 2003 Kano et al., , 2007 Kawai et al., 2006 Kawai et al., , 2009 Shiraishi et al., 2008) because it provides the maximum rate of inorganic precipitation in turbulent water (Dreybrodt & Buhmann, 1991) .
Principal components analysis
Principal components analysis (PCA; Davis, 2002) was used for the data reduction and deciphering patterns in a large set of physicochemical data constituted by water analyses, water velocity and other variables measured at the sampling sites during all of the monitored periods. The results of a PCA are usually discussed in terms of component loadings (a measure of the relative importance of each original variable on the calculated principal components) and scores (the projection of each data point in the PC space). In this study, the PC scores for each data point were plotted, and the plots were visually inspected for clustering and similarities with the aid of BiPLot (a visualization of the PCA loadings showing a projection of the original variables onto the scattergram; Hammer, 2010). The PCA was applied to the correlation matrix to ensure that the elements in the analysis were weighted equally. The free statistical software package Past v. 2Á03 (Hammer, 2010;  http://folk.uio.no/ohammer/past/index. html) was used for the PCA calculations.
SEDIMENTOLOGICAL CHARACTERISTICS OF THE RIVER PIEDRA
The examination of the morphological features of the river bed, physical flow characteristics (i.e. water velocity and depth), sediment components (for example, floral and bacterial associations) and other texture and structure features revealed five fluvial subenvironments, plus those of vertical waterfalls and caves, which could be distinguished (Table 1 ; Figs 5 to 8). Of these, the large vertical waterfalls were not monitored in this study because of the difficultly in accessing them, and caves are not considered here because of their different environmental context. A total of seven sedimentary facies were characterized through the periodical monitoring (Table 1 ; Figs 5 to 8). Wide range of size and shape of calcite crystals. Sites P-3, P-8, P-9, P-11, P-12, P-15, P-19 and P-21. Figs 5F, G, J and 8.
Areas beside waterfalls. Spray, splash and drip water. Fig. 5E .
-<0Á1 D Mats of cyanobacteria, mosses and filamentous algae coated and impregnated by calcite. Commonly thin, non-laminated deposits.
Sites P-13 and P-18. Fig. 5H .
Areas with gravel and cobble sediment in gentle to nil slope stretches along the river bed; in some cases close to spring inputs. Fig. 5K The textural analysis of samples in optical and scanning electron microscopes showed that the deposits are composed of calcite coatings over biological substrates (for example, grasses, mosses, algae and cyanobacteria that later decayed), calcite-impregnated biological substrates (for example, cyanobacterial filaments and mucus) and clumps of calcite grains as much as 1 mm long ( Table 1 ). The matrix among these components is usually a heterogeneous mass of single and composite calcite crystals and tufa fragments. This analysis allowed some differences to be distinguished between sediment deposited in warm and in cool periods. However, these differences were not always clear and varied among the types of facies, as indicated in a preliminary study . In general, spar and micrite calcite with varied crystal shapes compose the sediment of both the warm and cool periods, although larger crystals tend to be more abundant in some deposits of the cool periods. In some cases, facies A (stromatolites; Fig. 6A ) showed less dense tubemade fabrics in the deposits of the warm periods (Fig. 6B, C and D) . These tubes are thinner (cortices 4 to 7 lm thick) than those of cool periods (cortices 6 to 10 lm thick; Fig. 6E , F and G). However, calcite coatings of similar thickness were observed in the tubes of both periods. Diatoms were more abundant in the sediment of warm periods, in particular in facies B and C ( Figs 7C and 8C ). The porosity from insect larvae and annelids commonly appeared in the warm period deposits. Coated and uncoated leaves and other plant remains, as well as their empty moulds, were more abundant at the base of the cool period intervals.
HYDROGEOCHEMISTRY OF THE RIVER PIEDRA
The River Piedra waters are of the HCO 3 -Ca type with low Cl contents during all of the monitored periods. However, the samples are widely distributed along the HCO 3 -Ca field in the Piper diagram (Fig. 9) , from a clearly dominant HCO 3 type at the headwater springs towards an HCO 3 -SO 4 type at the rest of the examined stretch (including the Natural Park). Thus, a wide variability can be observed in some hydrochemical parameters: conductivity values range from 274 to 734 lS cm À1 , alkalinity ranged from 200 to 372 mg L À1 , Ca ranged from 61 to 112 mg L
À1
and SO 4 ranged from 9Á25 to 157Á5 mg L
. This apparent variability is mainly associated with: (i) the distinctive chemical characteristics of River Piedra waters at site P-1 (Fig. 9A) , where the lowest conductivity, Ca and SO 4 values and the highest alkalinity values were measured; and with (ii) the existence of some 'dilution events', such as the one recorded in January 2010 at the Natural Park (Fig. 9B) , which was associated with the unusually high discharge and flood peaks measured that month (Fig. 3 ) and led to a general decrease in the conductivity, alkalinity, Ca and SO 4 of the waters with respect to those usually measured in the Natural Park.
The River Piedra waters between sites P-2 and P-24 (Fig. 4) are distributed in the same compositional field of the Piper diagram (except for the aforementioned sampling in January 2010; Fig. 9A ; and SO 4 from 54 to 157 mg L À1 ). The differences in the chemical characteristics between site P-1 and the rest of the sampling points are linked to the influence of different ground water inputs: the water composition at site P-1 is controlled by spring S1, whereas the greater discharge of spring S2 (from 0Á8 to 2Á2 m 3 s À1 ; data from Confederaci on Hidrogr afica del Ebro) dominates the chemical composition of the River Piedra downstream (Figs 4, 9A and 9C) . The contribution of spring S3 downstream of site P-22 (Fig. 4) , with overall compositional characteristics similar to Table 1 those of spring S2, is more clearly observed in the plots discussed below.
Spatial trends
The evolution of the hydrochemical characteristics of the River Piedra exhibits distinct spatial trends during all of the monitored periods. The profiles of the major parameters showing the mean yearly values and the mean values for the cool and warm periods are summarized in Fig. 10 .
At sites P-1 and P-2 (Fig. 4) , the chemical characteristics of the river waters are strongly affected by the inputs of the nearby springs (S1 and S2) at equilibrium or near equilibrium with respect to calcite. The lowest pH, SIc and PWP values and the highest pCO 2 values throughout the studied stretch were recorded in this area for each sampling period (Fig. 10) . The low SIc in the river waters, usually below +0Á5, agrees with the absence of tufa sedimentation in this stretch (see Table 2 ).
At site P-3, approximately 6 km downstream of site P-2 (Fig. 4) , a clear jump in the SIc, pH and PWP values, which was associated with a marked decrease in the pCO 2 and Ca contents, was detected (Fig. 10) . All of these characteristics suggest that tufa precipitation was already active at this site, in agreement with the sediment deposited on tablet P-3 (Table 2 ; Fig. 12 ).
From site P-3 to P-22 (Fig. 4) , the SIc and PWP values remained relatively constant, usually with higher values in the warm than in the cool periods (Fig. 10) , as was also the trend with the pH values. At the same time, a relatively continuous downstream decrease in alkalinity and Ca contents was detected both in the warm and in the cool periods (Fig. 10 ). At site P-6, this decreasing trend is broken due to the return of diverted flow into the river for hydroelectric power generation. All of these observations suggest that tufa formation is a continuous process between those sites, in agreement with the rates recorded in the tablets located there.
From site P-22 to P-24, continuous increases in temperature, conductivity, alkalinity and Ca (Fig. 10) were observed, promoted by the spring S3 inputs and, probably, by additional unknown springs located between P-23 and P-24. Decreasing trends in the pH, PWP and SIc values, as well as increases in the log pCO 2 values ( Fig. 10) , would support the existence of meaningful ground water contribution between P-23 and P-24 (hereafter referred to as S4 Fig 4) , which may affect the tufa precipitation pattern in this part of the river channel (see below).
Temporal trends
The chemical features of the main spring feeding the River Piedra (S2; Fig. 4 This feature appears to influence the temporal evolution of the River Piedra waters because most of the compositional characteristics along the studied stretch do not exhibit systematic seasonal trends. However, the overall conductivity, TDIC, alkalinity and Ca values appear to be slightly higher in the cool than in the warm periods, although a certain degree of overlap can be observed between the periods (see box and whisker plots in Fig. 10 ). The water temperature (reflecting variations in the air temperature), PWP and, to a lesser extent, SIc values (also dependent on temperature), showed a clearer seasonal fluctuation with higher values in the warm periods (Fig. 10A, D 
and H).
Between sites P-3 and P-22, the aforementioned decreases in Ca and alkalinity contents usually show a steeper reduction pattern during the warm periods than during the cool periods (this pattern is obscured at the Natural Park due to the water diverted from and then returned to the main stream by multiple natural and artificial channels; see V azquez-Urbez et al., 2010). The SIc mean values are clearly higher in the warm (ca +0Á9) than in the cold periods (ca +0Á6; Fig. 10D ) but, in both cases, they appear to be high enough to overcome the carbonate kinetic precipitation barrier (Jacobson & Usdowski, 1975; Dandurand et al., 1982; Suarez, 1983; Drysdale et al., 2002; Malusa et al., 2003; Lojen et al., 2004) . Furthermore, in other tufa-deposit- . Box and whisker plots showing the statistical distribution of the main hydrochemical parameters monitored at the river sites. The statistics have been performed for all water samples and for the samples of the warm and cool periods. The statistical measures plotted are the median (horizontal line inside the box), the 25th and 75th percentiles (bottom and top of the box), the mean (square), the 5th and 95th percentiles ('whiskers'), the 1st and 99th percentile (crosses) and the maximum and minimum values (horizontal bars).
ing fluvial systems, the PWP seasonal patterns have shown a positive correlation with the seasonal sedimentation rates (Kano et al., 2003; Kawai et al., 2006 Kawai et al., , 2009 .
Thus, all of these hydrochemical characteristics suggest that tufa formation is a continuous process between sites P-3 and P-22 in the River Piedra, but it is greater during the warm periods than in the cool periods. This seasonal trend in tufa formation is also consistent with the slightly higher values in TDIC, alkalinity and Ca observed in the cool periods, when the deposition rate is smaller.
TUFA DEPOSITION RATES
The deposition rates of the 24 tablets installed along the river had highly variable values, depending on the depositional environmental conditions and their spatial distribution along the river. Moreover, differences were also observed through time.
Depositional environmental variations
The mean yearly rates of the 24 monitored sites varied between 0Á74 mm (facies E1) and 16Á53 mm (facies A; Table 2 ; Fig. 11 ). The highest rates were measured at sites with fast water flow on tablets with facies A (sites P-5, P-14, P-16, P-17 and P-20; Tables 2 and 3); these ranged between 6Á77 mm yr À1 and 16Á53 mm yr À1 (mean of facies A: 13Á75 mm yr À1 ). The mean six-month deposition of tablets with facies A was always positive. Only two tablets with facies A recorded negative six-month thickness in two cool periods (2005 to 2006 and 2008 to 2009) , and very few recorded small positive values (much lower than the mean) in some warm periods (Fig. 11A) .
In contrast, the tablets in slow-flowing water areas with facies B1 and B2 (sites P-4, P-6, P-7, P-10 and P-22) recorded lower rates, from 1Á16 to 5Á64 mm yr À1 (Tables 2 and 3 ). Some tablets with facies B recorded negative values during nine six-month periods, both cool and warm, resulting in negative mean deposition rates for six six-month periods (Fig. 11A ). The tablets installed in stepped waterfalls recorded highly variable deposition rates (mostly of facies C), from 0Á95 to 13Á16 mm yr À1 . Some tablets with facies C recorded negative and small positive (less than the mean) values during a few six-month periods, but the mean six-month deposition was always positive (Fig. 11A) .
The sedimentation in spray areas (facies D) was among the lowest, with rates from 0Á83 to 1Á93 mm yr À1 (sites P-13 and P-18) (Tables 2 and  3 ). Similar low rates were recorded by tablets with facies E (the mean of facies E1 was 0Á88 mm yr À1 and of E2 was 1Á27 mm yr À1 ), with mean yearly rates <1 mm (sites P-1, P-2 and P-24), with the exception of tablet P-23, which recorded 1Á80 mm yr À1 . Negative six-month deposition values were measured for some tablets with facies E over ten six-month periods (Table 2 Slow-flowing and standing water areas B1 P-6, P-7, P-10, P-22
Stepped waterfalls with continuous jet C P-3, P-8, P-9, P-11, P-12, P-15, P-19, P-21
Spray areas near waterfalls D P-13, P-18 1Á00 0Á38 1Á38
Areas with gravel and cobble sediment E1 P-1, P-2 0Á69 0Á19 0Á88 E2
P 
Spatial variations of deposition rates
The long monitored stretch of the river displayed very low deposition rates (<2 mm yr À1 ) in the most upstream and downstream reaches (tablets P-1, P-2 and P-23 and P-24; Tables 2 and 3; Fig. 12 ). The carbonate sediment was scarce or absent on tablets P-1 and P-2 (facies E1), and tablets P-23 and P-24 (facies E2) had negative deposition values during some sixmonth periods. Higher rates were recorded on many tablets between sites P-3 and P-22, although great differences were observed in accordance with the environmental setting (i.e. facies D formed in spray areas, facies B1 in some slow-flowing water areas and facies C and D at site P-21; in all cases <2 mm yr À1 - Table 2 ). The highest values (from 10 to 16Á5 mm yr À1 ) corresponded to facies A and C within the Natural Park, between sites P-9 and P-20, coinciding with the stretch of steeper slope along the fluvial profile (Table 2 ; Fig. 12 ).
Temporal variations of depositional rates
The mean deposition rates from all the tablets throughout the study interval were higher during the warm periods (total mean: 5Á08 mm) than during the cool periods (total mean: 2Á77 mm; Table 2 ; Fig. 13 ). Most tablets (19 out of 24) recorded such six-month variation, with rates in the warm periods being approximately two-fold or even greater with respect to those of the cool periods, irrespective of environmental settings and spatial distribution of the tablets along the river (Table 2; Figs 11, 12 and 13). Exceptions to that pattern corresponded to tablets with very small (<2 mm yr À1 ; for example, sites P-23 and P-24, with facies E2; site P-13, with facies D) and small (ca 2Á68 and 3Á29 mm yr À1 ; for example, sites P-10 and P-4, with facies B1 and B2, respectively) deposition rates. Except for the mentioned cases with reverse six-month deposition values, the mean deposition rates at sites monitored along the river ranged from 0Á48 to 11Á15 mm during the warm periods and from 0Á08 to 6Á20 mm during the cool periods ( Table 2) .
The mean deposition for the 26 monitored six-month periods (considering all tablets) also exhibited a six-month pattern, although large differences were recorded through time (Table 2 ; Fig. 13) . The values for the warm periods ranged from 2Á47 mm (Warm 2004) to 6Á61 mm (Warm 2012) and those for the cool periods ranged from 0Á72 mm (Cool 2000-01) to 3Á84 mm (Cool 2003-04) , with the exception of 8Á10 mm, which was recorded in Cool 2010-11 (Fig. 13A) .
The largest deposition rates of the warm periods (>6 mm/six-month period) were recorded by tablets within the Natural Park (Fig. 13B) which, in general, had the greatest increases with respect to the closer cool periods. There is only one warm period (Warm 2009) in which tablets outside the Park recorded almost 4 mm. In general, the tablets outside of the Park presented less pronounced rate differences between the cool and warm periods (Table 2 ; Fig. 13B ).
The lowest mean rates in some cool and some warm periods (much lower than the mean values of cool and warm periods, i.e. <1 mm and <2Á5 mm, respectively) were mostly associated with very small deposition values (either negative or positive, but suggestive of erosion) on some tablets 
RESULTS FROM PRINCIPAL COMPONENTS ANALYSIS
The principal components analysis (PCA) was performed with a dataset including all of the hydrochemical variables (10 analysed variables -temperature, pH, Ca, Mg, Na, K, Cl, SO 4 , alkalinity and conductivity -and four calculated variables -pCO 2 , SIc, TDIC and PWP), measured water velocity, mean monthly air temperature and discharge values (corresponding to Table 4 . Principal component loadings and explained variance for the five initial components. Loadings (that represent the importance of the variables for the components) >0Á6 are marked in bold type.
Monthly air temperature (sampling month)
Six-monthly deposition rate
the sampling month) and six-month rates of tufa sedimentation in the tablets. Then, five principal components (out of 18) were retained, and those explained 76Á43% of the variance contained in the original data set (Table 4 ). The data from the springs were not included. Component 1 (PC1) explains the greatest amount of the variance, showing highly positive loadings in alkalinity, partial pressure of CO 2 and TDIC values (and highly negative values for the pH, SIc and PWP). Thus, this component represents a 'carbonate component' directly related to the main processes (CO 2 outgassing, calcite precipitation and ground water inputs) affecting the hydrochemical evolution of dissolved carbon and related parameters.
Component 2 (PC2) indicates high positive loadings in conductivity and in the other main dissolved ions (SO 4 , Ca and Mg), whereas it indicates high negative loadings in mean monthly discharge values. Thus, it may represent a 'salinity component' affected not only by the discharge (for example, dilution effects) but also by the tufa sedimentation (through dissolved Ca contents).
Component 3 (PC3) represents a 'temperature component' totally dominated by water temperature and mean monthly air temperature. Each of the last two components (PC4 and PC5) explains approximately 7Á0% of the variance, indicating that these are related to more local effects than the first three components.
As shown in Fig. 14A , there is a substantial overlap between the scores from the warm and the cool periods. Site P-1, which was affected by the distinctive hydrochemical characteristics of spring S1, defines an extreme group mainly due to the effect of the high pCO 2 values (or low pH values) in the fourth quadrant. Furthermore, the data from the January 2010 sampling define a separate group in the third quadrant that was mainly affected by discharge (with the opposite effects for conductivity).
In Fig. 14B , the inclusion of the 'temperature component' (PC3) clearly separates the warm and the cool sampling periods (except for January 2010), and the effects of the 'carbonate component' (PC1) on the scores of both groups can be observed. From the scores corresponding to sites P-1 and P-2 (in the fourth quadrant, mainly contributed by pCO 2 and alkalinity loadings due to the large ground water inputs at these sites), both groups define roughly parallel trends with decreasing PC1 values for the rest of the sites. Both trends can be interpreted as a result of the CO 2 outgassing and tufa sedimentation processes in this stretch, promoting decreases in TDIC, alkalinity and pCO 2 values and increases in SIc and PWP values (thus, decreasing the PC1 values through the loadings of these variables; Table 4 ). However, the samples from warm periods show a higher contribution of PWP and SIc loadings (apart from that of temperature) and a slightly lower contribution of dissolved Ca than samples from cool periods, suggesting the existence of an overall higher precipitation rate in the warm periods.
Overall, the six-month deposition rates recorded by the tablets do not demonstrate significant loadings in the extracted components. This may be because these values represent six-month periods, whereas most of the other variables (for example, chemical analysis) correspond to discrete values measured at a particular moment within these six-month periods. However, from the projection of the original variables in the PC space (Fig. 14) , the sixmonth rates appear to show some relation with temperature and PWP (Fig. 14A ) and with velocity values (Fig. 14B) . These relations are discussed further in the next section.
DISCUSSION
A mean deposition rate of 7Á86 mm yr À1 was measured from a total of 24 tablets set throughout the River Piedra from November 1999 to September 2012; this value is very similar to that obtained from 14 tablets within the area of the Natural Park for the first five years (7Á52 mm yr À1 ; V azquez-Urbez et al., 2010), although the latter study included the cave environment which had negligible deposition. The deposition rates obtained from the different methods and experimental conditions range between 1 mm yr À1 and 10 mm yr À1 (Emeis et al., 1987; Liu et al., 1995; Drysdale & Gillieson, 1997; MerzPreiß & Riding, 1999; Yoshimura et al., 2004; Gradzi nski, 2010) and were recorded during one to two-year monitoring intervals in different climate and hydrology conditions. This study provides a longer time series of data all the way along the river, which allows for the discussion of variations of some sedimentological and hydrochemical characteristics of the fluvial tufa system through space and time, as well as for the determination of their relations with climate and hydrology. (Table 2) .
Deposition rates and intrinsic factors
The highest mean yearly deposition rates were recorded by tablets installed in fast-flowing water areas (facies A) and stepped waterfalls (facies C), while lower rates were obtained in slow-flowing (facies B) and spray (facies D) areas. A clear relation was obtained between the yearly deposition rates and water velocity (r = 0Á90) for sites with fast-flowing and slowflowing water and some stepped waterfalls (Fig. 15A) . As discussed by many authors (e.g. Drysdale & Gillieson, 1997; Chen et al., 2004) , high flow velocities and turbulence enhance CO 2 loss from water, which favours calcite precipitation. In addition, CO 2 loss is favoured by aeration and jet-flow effects in waterfalls and jumps (Zhang et al., 2001) . Moreover, the thickness of the diffusion boundary layers between the solidwater and water-air interfaces diminishes with fast and turbulent conditions, thus facilitating the diffusion through them (Dreybrodt, 1981; Dreybrodt & Buhmann, 1991; Liu et al., 1995; Chen et al., 2004; Kano et al., 2007) . Therefore, the small jumps, rapids and stepped waterfalls, with shallow and turbulent flow, are loci of faster tufa sedimentation. Accordingly, less calcite precipitation is produced in standing and slowflowing water areas, with lower mechanical CO 2 loss, which is consistent with the smaller deposition rates. In such areas, the deposits may also include varying amounts of carbonate grains (allochems, as in facies B1) which are more susceptible to erosion than other facies. In the case of spray areas, the deposition rates were low because of the reduced amount of running water received. Although evaporation may lead to supersaturation in spray areas, the amount of tufa precipitation is small (Zhang et al., 2001) . These results agree with the conclusions of other work in relation to present tufa sedimentation (Liu et al., 1995; Drysdale & Gillieson, 1997; Chen et al., 2004; Kano et al., 2007; Gradzi nski, 2010; Pedley & Rogerson, 2010) and confirm those from a preliminary study of the River Piedra (V azquez-Urbez et al., 2010).
However, the correlation between yearly deposition rates and water velocity (Fig. 15A) has a slightly higher dispersion of data when the water velocity >1Á2 m s
À1
(Standard deviation = AE38Á28 versus 29Á54), suggesting that over that value: (i) variations in water velocity did not cause parallel variations in CO 2 loss from water; and/or (ii) the deposition rate was also influenced by other parameters, the effects of which are more noticeable above such high flow conditions.
At some sites, very low deposition rates were measured in both very slow-flowing to standing A B Fig. 15 . Correlation between yearly and six-month deposition rates and water flow velocity (A) and between yearly and six-month deposition rates and water depth (B).
(i.e. site P-1, facies E1) and fast-flowing (i.e. site P-24, facies E2) water areas (Table 2; Figs 11 and 12), which suggests the influence of parameters other than water velocity. The uppermost stretch (sites P-1 and P-2) had invariably low SIc values (< +0Á5), which justifies the almost absent carbonate precipitation in that stretch (Fig. 10) . Similar conclusions were obtained from the nearby River Añamaza (V azquez-Urbez et al., 2011) and other carbonate fluvial systems (Drysdale et al., 2002; Arp et al., 2010) . The lowermost stretch of the River Piedra (sites P-23 and P-24) had variable SIc values, both lower and higher than +0Á6 (Fig. 10) , thus allowing carbonate precipitation during some periods. However, the erosion during some warm periods at sites P-23 and P-24 caused the deposition rates to be very small or even negative. The influence of photosynthetic activity on calcite precipitation has been discussed widely. Micro-organisms are considered to play rather passive roles, such as providing nucleation sites 
*n = 11; †n = 6; ‡n = 5. Note that the correlation increases for sites monitored within the Natural Park and also for facies A. Insolation data (h day À1 ) from Agencia Estatal de Meteorolog ıa (Spain). Sunspot Numbers are issued by the NOAA Space Weather Prediction Center (SWPC) in Boulder, Colorado (USA). The official International Sunspot Number (RI) is issued by the Sunspot Index Data Center (SIDC) in Brussels (Belgium), available at http:// sidc.oma.be. NAO index values from Hurrell (1995) , available (October 1999 to September 2011) at http://climatedataguide.ucar.edu/guidance/hurrell-north-atlantic-oscillation-nao-index-station-based. Values of r ! +0Á5 and r = < À0Á5 are in boldface. for calcite and particle trapping. Usually, the photosynthetic effect is considered important only in low-CO 2 and/or slow-flowing contexts, such as standing pools and lakes (Merz-Preiß & Riding, 1999; Pedley, 2000; Arp et al., 2001; Zhang et al., 2001; Chen et al., 2004) . Thus, the amount of CO 2 uptake through photosynthesis is generally accepted to be much less than that of physical CO 2 outgassing (Lorah & Herman, 1988; Ford, 1989; Merz-Preiß & Riding, 1999; Drysdale et al., 2002; Chen et al., 2004) . Nevertheless, micro-electrodes and mass balance calculations have proved that cyanobacterial photosynthesis can be of some significance in certain tufa contexts, accounting for as much as 10 to 20% of the precipitated calcite (Shiraishi et al., 2008 . The method used in this study does not allow for an estimate of the contribution of CO 2 uptake through photosynthesis to the depositional rates. Other experimental studies have demonstrated the significant role of the EPS produced by prokaryotes on calcite nucleation in tufas (Pedley et al., 2009; Arp et al., 2010) .
Deposition rates may be influenced by the different growth rates and the different types of flora present in different environmental conditions. In fact, distinct facies with different types of flora yielded variable deposition rates, which might indicate that flow conditions somehow controlled the development and type of flora and bacteria and the calcification pattern The negative correlation between the deposition rates and depth (r = À0Á58; Fig. 15B ) is associated with the predicted inverse relation between the water velocity and depth for more or less constant channel sections. Thus, the tablets with more than 15 cm of water always recorded rates lower than 6 mm yr
, which is consistent with the lower water velocity (thus with less CO 2 degassing) in deeper conditions (see Table 1 ). However, the correlation is far from perfect and although the highest deposition rates (as much as 16Á5 mm yr À1 ) were reached in sites with 4 to 10 cm of depth, other sites within that depth range recorded much less sediment accumulation. This might be related to the fact that some facies in shallow subenvironments are more susceptible to erosion (for example, facies C compared with facies A).
This study demonstrates that deposits with facies A (stromatolites; Fig. 6A ) were the least affected by erosional processes, whereas those with facies C (porous deposits with mosses and algae; Fig. 8A ) were variably affected by erosion depending on the site (i.e. occurring locally and at random). In contrast, facies B (loose sediment and soft laminated deposits; Fig. 7A ) and facies E (thin deposits of algae and microbial films; Fig. 5L and M) were more susceptible to erosion. Thus, the stromatolite facies are more likely to preserve complete information in the sedimentary record than the other facies ( Fig. 11 ; Table 2 ).
Variations through space
The deposition rates from the tablets were much lower at the most upstream and downstream monitored sites (P-1, P-2, P-23 and P-24) and increased between sites P-3 and P-22 (Fig. 12) . These variations mostly coincide with changes in slope along the river course (Figs 4 and 10) . The highest deposition rates were obtained along the steeper stretch of the river (i.e. within the Natural Park, mostly from sites P-8 to P-20), despite varying rates recorded by distinct environmental settings (Fig. 12A and B) . This increase in fluvial slope is associated with the presence of rapids, small jumps and waterfalls (both vertical and stepped) where CO 2 outgassing is enhanced and favours thicker (faster) tufa deposition (Zhang et al., 2001; Pentecost, 2005) . This agrees with the general decrease in alkalinity, Ca, conductivity and pCO 2 , as well as with the higher SIc and PWP rate in that part of the river (from P-3 to P-22; Fig. 10) . Thus, the precipitation process was triggered and enhanced by the increase in slope from site P-3 (Figs 4 and 10).
Sites with the least deposition are located within the gently sloped uppermost and lowermost stretches, with low SIc values influenced by the water inputs from springs S1, S2, S3 and S4, which had generally high pCO 2 , particularly in S1 ( Fig. 10 ; Appendix 1). Site P-1 is set apart in Fig. 14A by the high pCO 2 values. In general, the high pCO 2 made those sites (P-1, P-2, P-23 and P-24) the least favourable to calcite precipitation, although the local water velocity could be moderate to high in some of them. This implies that a long distance from spring inputs would be required to produce enough CO 2 loss to raise the SIc and cause calcite precipitation in a generalized fashion. This agrees with the higher SIc observed at site P-3 (some 7 km downstream of spring S2), from which the SIc increases through site P-22, especially within the Natural Park and in the stretch of higher slope which recorded the highest deposition rates ( Figs 10D and 12B) .
Most of the river water is provided by springs S1 and S2, with a mean discharge of 1Á4 m 3 s À1 (Fig. 4) . In contrast, the downstream springs (S3 and S4) supply a much smaller amount of water (S3 % 0Á81E-03 m 3 s À1 ; unknown for S4) that, in turn, is mixed with river water that has been subject to physical, chemical and biological processes through its flowing path. Spring S3a had higher conductivity and slightly lower pCO 2 (SIc < +0Á2) than the springs upstream (S1 and S2). Together, this implies that the effects of such downstream ground water inputs were less noticeable, probably because of their mixing with a much larger volume of river water, but were enough to induce a relative change within the general downstream evolution of the hydrochemical characteristics and a sharp decrease in tufa deposition (Figs 10 and 4B) . Ultimately, the changes in slope along the river course, together with the proximity to (or distance from) water spring inputs and their discharge (proportion of ground water with respect to that of the river) conditioned the amount of CO 2 dissolved in water at each monitored site in relation to which carbonate deposition rates varied throughout the River Piedra.
Deposition rates and extrinsic factors: variations through time
The six-month deposition rate pattern (higher values in the warm than in the cool periods) was persistent throughout the 13-year monitoring period for most of the studied sites and depositional environmental conditions (i.e. independent of environmental conditions and spatial distribution along the river). However, that pattern was altered in a few cases.
Water velocity, one of the factors with most influence on tufa deposition, did not change significantly between the warm and cool periods, except for a few sites (Table 2) , and the river discharge did not correlate with six-month deposition rates (r = À0Á21; Table 5 ), except for some cases in which high discharge episodes (for example, very high instant discharge related to heavy rain storms; Fig. 3B ) caused erosion that lowered the six-month deposition rates. In fact, the correlation between the six-month deposition rates and water velocity was similar for warm and cool periods (0Á85 for warm periods and 0Á87 for cool periods; Fig. 15A ), suggesting that the differences in deposition rates between the cool and warm periods were mostly influenced by temperature-dependent and other seasonal parameters (for example, day duration, insolation and precipitation). This is clearly shown by the principal components analysis, which distinguishes the two types of periods (warm and cool) based on temperature (PC3; Fig. 14B and Table 4 ) and highlights the rather local influence of other factors, such as discharge (Fig. 14A) .
The correlation between the deposition rates for the cool and warm periods and the mean air temperature for each period is r = 0Á57 (all values included); it increases if only tablets within the park are considered (r = 0Á66) and if only facies A are considered (r = 0Á65; Fig. 16 ; Table 5 ). Similar significant relations are obtained between the deposition rates and insolation for the three groups of data (r = 0Á58, r = 0Á67 and r = 0Á69). In all cases, the correlation coefficient increases very slightly when the negative deposition rate values are removed from each period, reaching a maximum of r = 0Á70 in the case of insolation. If the cool period 2010 to 2011 (with an abnormal, high deposition rate; Fig. 13) is excluded, the correlation between the rates and air temperature increases significantly (r = 0Á75). The available continuous record of water temperature (from July 2007) presented no significant correlation with the six-month deposition rates, ranging from 0Á46 to 0Á58 (n = 11).
The variation in some of the chemical characteristics of the river water (Fig. 10) between the warm and cool periods indicates that the seasonal changes in temperature exert a crucial effect on inorganic calcite precipitation through changes in calcite and CO 2 solubility in water (Plummer et al., 1978; Stumm & Morgan, 1996; Pentecost, 2005) and their effects on the SIc values (Fig. 10D ) and PWP rates (Fig. 10H) , which usually present higher values in the warm periods. Furthermore, diffusion between the solid-water and air-water interfaces is also dependent on temperature, and increases if temperatures increase (Chen et al., 2004; Kano et al., 2007) .
However, seasonal changes in temperature, day duration and insolation produce variations in the abundance and growth rate of flora and bacteria, thus causing differences: (i) in the areas provided by such substrates for calcite precipitation; and (ii) in the intensity and type of biological activity and its concomitant effects on calcite precipitation through CO 2 uptake (Arp et al., 2001; Pentecost, 2005) . Accordingly, in the study case, the deposits of facies A, C and D involved greater masses (thicker deposition) of in situ coated flora and bacteria (for example, cyanobacteria) during the warm periods than during the cool periods. In fact, the six-month deposition rates have very significant correlation with the insolation values (r = 0Á70 for facies A; Fig. 16 ; Table 5 ) which might be indicative, at least in part, of a biological influence. Thus, the physiological activity of flora and bacteria is one of the factors that influences seasonal variations in tufa depositional rates, although its contribution is difficult to estimate (Shiraishi et al., 2008 .
The correlation between the six-month deposition rates and temperature (and insolation), although significant, is far from perfect (from r = 0Á57 up to r = 0Á66 with air temperature, depending on the group of data considered; see text above; Fig. 16 ; Table 5 ). The erosional events and occasional changes in fluvial hydrochemistry occurring during some periods may have had effects that were opposite to those of seasonal temperature changes on tufa deposition. These phenomena may also be the causes of some exceptions to the six-month deposition rate pattern.
The comparison of the six-month deposition rates of each group of periods (i.e. the group of warm periods and the group of cool periods) with air and water temperature variations for each period showed no significant correlation ( Fig. 16; Table 5 ). Thus, it can be inferred that small intraseasonal variations of temperature alone do not explain the variations in the deposition rates within each group. Such relations might also be influenced, at least partially, by the effects of erosion on the deposition rates, which were more intense in the warm periods and were related to high discharge events. In addition, the changes in river hydrochemistry caused by abnormally high precipitation and, hence, high discharge caused a strong dilution, producing decreases in the concentrations of all of the chemical components for a short time span, yielding less favourable conditions for calcite precipitation (Zhang et al., 2012) ; their negative effects are more noticeable in cool than in warm periods because of the already smaller chemical concentration in cool periods (for example, note that water samples of January 2010 are set apart in Fig. 14) . Moreover, these short changes in chemical concentration commonly coincided with physical erosion processes.
For a few cool periods, higher than normal deposition rate values (for example, periods (Fig. 14A) , resulting in very small deposition in Cool 2009-10. On the contrary, the largest deposition rate was recorded in Cool 2010-11 (8Á10 mm), with mean autumn and winter temperatures similar to the mean; tablets from that period did not record negative values, and no other evidence of erosion was observed in the field.
The low rates in some warm periods (lower than mean values) were mostly associated with erosion events occurring in May/June which, in most cases, coincided with high discharge episodes produced by rain storms, for instance during Warm 2003 Warm , 2004 Warm and 2011 (Figs 2 and 3) . In fact, the correlation between the deposition rates for warm periods and water discharge is negative (r = À0Á60; Fig. 16A , D and E; Table 5 ). Some tablets from these periods had negative and/or lower than average deposition rates, in both cases related to erosional features that were recognized in the field and/or on tablets (Fig. 7) . Indeed, the correlation between the deposition rates in warm periods and precipitation is also negative (r = À0Á59), which may account for both erosion and chemical dilution in some periods. For instance, the small deposition in Warm 2008 indeed coincided with a dilution of the chemical concentration of the river water (detected in the June sampling; Appendix 1), which is associated with the highest precipitation in spring 2008 (272Á6 mm) compared with that of other springs (mean spring precipitation: 152 mm; Fig. 2) .
The exceptions to the six-month deposition rate patterns were therefore related to strong physical erosion occurring mostly in May/June and, in some cases, in November and January. In most cases, the erosion was caused by high discharge events (provoked by heavy rain storms) that, in turn, provoked the dilution of the river water for short time spans. Occasionally, high mean seasonal precipitation also led to water dilution, which did not favour calcite precipitation. The effect of small variations in temperature among the cool periods and among the warm periods was obliterated by such phenomena (Fig. 16) . The causes of high deposition in Cool 2010-11 could be linked to the apparent absence of erosion that paralleled the almost steady water discharge over the six months.
A comparison of six-month and yearly deposition rates with other parameters, such as sun spots and solar irradiance did not yield any significant relations, nor did the NAO (North Atlantic Oscillation) index (Table 5) . Wang et al. (2010) , Cattiaux et al. (2010) and Ouzeau et al. (2011) , among others, related the low temperatures recorded during winter 2009 to 2010 in the northern hemisphere to an exceptionally negative NAO index (À4Á64; NAO data from Hurrell, 1995; http://climatedataguide.ucar.edu/ guidance/hurrell-north-atlantic-oscillation-naoindex-station-based). In the Iberian Peninsula, the outstanding feature of that winter was the high precipitation in the south and west (VicenteSerrano et al., 2010) . In the River Piedra, the smallest deposition rates (<1 mm) corresponded to Cool 2000-01 and 2009-10; the former also had a low NAO in the winter, but it was not exceptionally negative (À1Á90). Very different mean winter temperatures were recorded in Cool 2000-01 (8Á5°C) and in Cool 2009-10 (5Á6°C) in the studied area, although the mean six-month temperatures and insolation were similar during both periods (Fig. 16) ; higher precipitation and river discharge occurred in January 2010 (Figs 2 and 3) causing erosion in the river bed and dilution in the river water (Fig. 14) . However, despite these apparent coincidences, the correlation between the six-month deposition rates and the NAO index (six-month and winter) is almost non-existent (Table 5 ). In fact, Cool 2010-11 recorded the highest deposition rates and had a negative NAO in the winter (À1Á57), but the discharge was low and very stable over time (Figs 2  and 16 ).
To summarize, temperature was the main factor leading the variations in the deposition rate by means of its influence on the physico-chemical and biological processes over time. Other variables involved in tufa sedimentation could interact in the same or opposite manner to temperature on seasonal tufa deposition rates. Therefore, a long-time series of data is necessary to detect patterns in deposition rates and their causes. The reversal of the seasonal thickness patterns can be an indicator of erosion and of changes in hydrological conditions (for example, river discharge). Erosion is a common process that may obliterate the influence of climaterelated parameters, such as temperature, insolation, sun spots and NAO, on tufa deposition rates. This issue should be considered in palaeoclimatic studies based on the fluvial tufa record. The geochemical composition (for example, stable isotopes) would help discern whether such seasonal thickness variations are linked to temperature variations or are solely caused by erosion .
CONCLUSIONS
The sedimentological and hydrochemical parameters associated with tufa formation were monitored along the River Piedra once every six months from 1999 to 2012, at a total of 24 sites that represent five main subenvironments in which seven sedimentary facies were characterized. There are multiple highlights of this study: 1 Water flow conditions control the deposition rates of fluvial carbonate facies, mainly through CO 2 outgassing which is greater in shallow areas of fast-flowing water. Accordingly, facies A (stromatolites) and facies C (spongy, moss and alga tufa) record the largest rates, whereas facies B (loose tufa sediment formed in slow-flowing water) and facies D (formed in spray areas) have much thinner deposition. In contrast, the small tufa deposition of facies E (poorly calcite-coated mosses and algae and detrital sediment) is related to the greater pCO 2 of water caused by nearby spring inputs. Local erosional processes primarily affected facies B and C. In contrast, stromatolites are the facies least affected by erosion, and thus are likely to preserve complete information in the sedimentary record. 2
The dominant discharge of the main upstream spring S2 conditions the HCO 3 -SO 4 -Ca character of the river water. The temperature and chemical characteristics of this ground water input remain remarkably constant through time. From this upstream area, overall decreasing trends in alkalinity, dissolved Ca and TDIC values occur along the studied stretch, in both the warm and cool periods, as a result of calcite precipitation. 3 Tufa deposition is detected ca 7 km downstream of spring S2, and it increases downstream, primarily within the Natural Park, coinciding with the increase in slope of the river bed. Parallel variations of SIc (calcite saturation index) and PWP (Plummer, Wigley, Parkhurst) values occur. Such an evolution of tufa deposition through space is determined by the amount of CO 2 dissolved in the water at each monitored site, which is controlled by two factors: (i) the influence of spring water inputs (their composition and proportion of mixing with respect to river water) upstream and downstream of the Natural Park; and (ii) changes in slope along the river course. 4 The pattern of larger deposition in warm periods (spring and summer seasons) than in cool periods (autumn and winter seasons), with mean values of 5Á08 mm and 2Á77 mm, is linked mainly to temperature variations, which cause seasonal changes in the intensity of physicochemical and biological processes. Other seasonal parameters (for example, day duration and insolation) may also contribute to such differences. This deposition pattern is independent of depositional settings and spatial distribution of the studied sites. The seasonal variations of PWP rates of the river water also indicate that temperature is the main factor that controls seasonal deposition rates. 5 Exceptions to the six-month deposition rate pattern are caused by physical erosion, mostly linked to high water discharge (for example, caused by abnormal high precipitation) which, in turn, may lead to the dilution of the river water for short time spans. The reversal of the seasonal deposition rate pattern may thus be an indicator of erosion and of exceptional hydrological conditions. In any event, a long-time series of data is necessary to detect the reliable patterns of present-day sedimentation and infer their causes. 6 The correlation between the six-month deposition rates and the NAO index (six-month and winter) and sun spots is almost non-existent. The effects of erosion and hydrochemical changes may overpower the influence of parameters such as temperature, insolation, sun spots or NAO on tufa sedimentation. This issue should be considered in palaeoclimatic analyses based on the ancient tufa record, in particular in semi-arid conditions.
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